ABSTRACT -A major problem affecting some upland rice cultivars is the increase in plant size when subjected to high doses of nitrogen fertilizer, leading to high levels of lodging. A method to reduce the height of upland rice, and therefore lodging, would be to use plant growth regulators. However, little information exists on the effect of these regulators on plant physiological processes. Therefore, the objective of this study was to evaluate the influence of trinexapac-ethyl application in upland rice via analysis of growth and gas exchange. The experiment was carried out under greenhouse conditions using the BRS Primavera cultivar. A completely randomized design with eight replications was used. Treatments were carried out with and without the application of the plant growth regulator, and plants were subject to two-stage assessments in which physiological and gas-exchange indices were measured. The use of trinexapac-ethyl improved the growth of rice plants from the flowering to the physiological maturity stage, resulting in higher values of leaf area ratio, specific leaf area, and leaf matter ratio in treated plants. At the same time, it provided smaller reduction in net CO 2 assimilation at the physiological maturity stage. Thus, net/apparent assimilation rate did not change after the application of growth regulator, but relative growth rate decreased in these treated plants. These results indicate the occurrence of self-shading in rice plants induced by what might be a supra-optimum trinexapacethyl concentration.
INTRODUCTION
Rice (Oryza sativa L.) is one of the major cereal crops planted worldwide, and has great social and economic importance for the Brazilian population (NAVES; BASSINELLO, 2006; NASCENTE et al., 2011) . Upland rice crops occupy about 65% of the total cultivated area in Brazil. However, grain yield is low, representing only 41% of national production (CONAB, 2011) . The lower yield of upland rice than of irrigated rice is mainly due to the uneven distribution of rainfall, which negatively affects the stages of plant growth in which water supply is crucial (GUIMARÃES et al., 2010) . With the use of irrigation, rice plants are not subjected to water stress, and as a result, grain filling is not influenced by drought. Thus, the number of spikelets per panicle and the grain weight are greater than in upland rice (ARF et al., 2002; CRUSCIOL et al., 2006) .
A major problem observed in upland rice is the increase in plant size when it is subjected to high doses of fertilizer, which can cause high indices of lodging in some cultivars (NASCIMENTO et al., 2009; FAGERIA; MORAES; VASCONCELOS, 2011) . One strategy to reduce the height of rice plants, and thus lodging, would be to use plant growth regulators (NASCIMENTO et al., 2009 ). These are synthetic compounds used to reduce the unwanted longitudinal growth of shoots without reducing grain yield (RADEMACHER, 2000; TAIZ ; ZEIGER, 2009) .
Trinexapac-ethyl is a regulator designed to be used as an anti-lodging agent in cereals and grasses and as a growth regulator in lawns (FIALHO et al., 2009; TAIZ; ZEIGER, 2009) . In Brazil, this product is used as a sugarcane ripener, as it promotes increased sugar yield without negatively affecting juice quality, fiber content, or cane weight (RESENDE; SOARES; HUDETZ, 2001; VIANA et al., 2008) . Trinexapac-ethyl has also been successfully used in wheat crops to reduce plant height to prevent lodging (ZAGONEL; FERNANDES, 2007; TREVIZAN; GREGOLETI; HOFFMANN, 2015) . However, little information is available regarding the effect of the application of plant growth regulators on the physiological processes of upland rice crops (BUZETTI et al., 2006; NASCIMENTO et al., 2009; ALVAREZ et al., 2012 ALVAREZ et al., , 2014 .
Growth analysis is a technique that analyzes a plant's morphological and physiological changes as functions of time. The technique also assesses photosynthetic production by means of dry matter accumulation, allowing a better understanding of the factors that affect grain yield (URCHEI; RODRIGUES; STONE, 2000; FALQUETO et al., 2009; CRUSCIOL; NASCENTE, 2012a; OLIVEIRA et al., 2013) . Furthermore, grain yield in rice and other cereals is related to the amount of CO 2 fixed by the plant and to the partitioning of the photosynthesized substrate for the growth of grains and of other plant organs (TAIZ; ZEIGER, 2009; CONCENÇO et al., 2011; FAGERIA; MORAES; VASCONCELOS, 2011) .Thus, the objective of this study was to assess the influence of the application of trinexapac-ethyl on upland rice crops through the analysis of plant growth and gas exchange.
MATERIAL AND METHODS
The experiment was carried out in greenhouses at the Department of Plant ProductionAgriculture at the Experimental Farm Lageado (FEL), belonging to the School of Agricultural Sciences-FCA, Botucatu Campus, University of the State of São Paulo (UNESP) in the municipality of Botucatu, SP. The experimental setup used a completely randomized design in a factorial 2 × 4 with eight replications. Treatments consisted of a combination of the following factors: Growth Regulator (1 -without, 2 -with) and Developmental Stage (1 -flowering, 2 -physiological maturity.).
Each plot was represented by a pot with two plants of BRS Primavera. We used two plants with 15 L of nutrient solution per pot, following the methodology proposed by Furlani and Furlani (1988) .
Trinexapac-ethyl was applied following the manufacturer's recommendation (200 g ha -1 active ingredient), at the primordia panicle differentiation stage, as a directed spray, with a knapsack sprayer calibrated at a constant CO 2 pressure with a TX-VS2-type full-cone nozzle and approximately 100 L ha -1 of syrup. The regulator solution was prepared with nonionic surfactant (0.05%, 0.5 mL L -1 ) and urea (1.0%) for better adhesion and absorption.
Data collection for growth analysis was carried out at four developmental stages: tillering (37 DAE), primordia panicle differentiation (49 DAE), flowering (63 DAE), and physiological maturity (125 DAE). Data from eight pots (four without and four with growth regulator) were collected in each collection stage. Two plants per pot were sampled.
Collected plants had their parts separated as follows: roots, green leaves, stem + sheath, and panicles. Leaf area of the two plants in the pot was then measured with the aid of a leaf area meter (AAM-7 model, Hayashi, Denkoh CO). The dry matter of each organ was obtained by drying the plant at 60 °C in an oven with forced air circulation until a constant weight was attained.
The following physiological indices were estimated: relative growth rate (RGR), net/apparent assimilation rate (NAR), leaf area ratio (LAR), specific leaf area (SLA), and leaf matter ratio (LMR), using the ANACRES software (PORTES; CASTRO JÚNIOR, 1991).
Gas exchange measures were carried out using a LI-6400 (Licor Inc. Lincoln, NE) portable photosynthesis open system, which measures CO 2 and water stem concentrations by infrared radiation, following the methodology proposed by Machado and Lagôa (1994) and Concenço et al. (2011) . Since gas exchange assessment is better during the greatest photosynthetic photon flux density (PPFD) and before the air temperature reaches the limit values for plants with the C3 photosynthetic mechanism (FEISTLER; HABERMANN, 2012; ALVAREZ et al., 2015) , plants were evaluated between 9 am and 11 am. Measurements were taken under natural fluctuation in PPFD, and ranged between 700 and 1400 µmol m -2 s -1 . Air temperature ranged between 30.9 and 31.9°C, and humidity ranged between 60.7 and 62.6%.
Measurements were carried out using fully expanded leaves at the developmental stages (tillering and primordia panicle differentiation stage) and using the flag leaf at the flowering and physiological maturity stages. In all treatments, one leaf per plot was chosen, and measurements were carried out in the middle region of the fullyexpanded leaf. Each leaf was allowed to rest in the chamber for 1-2 min before values were recorded.
The measured parameters were CO 2 net assimilation rate (A), in μmol m -2 s -1
, stomatal conductance (g s ), in mmol m -2 s -1 , and transpiration (E), in mol m -2 s -1 . Additionally, we calculated instantaneous water use efficiency (WUE) using the ratio (W/E).
Growth analysis and gas exchange data were subjected to analysis of variance, and treatment means were compared using the LSD test at 5%, considering the two factors (growth regulator and development stage).
RESULTS AND DISCUSSION
Plants without growth regulator treatment had higher RGR at the flowering stage; RGR values decreased at 125 DAE owing to physiological maturity and to leaf fall and death during senescence (Table 1) . In plants treated with trinexapac-ethyl, the RGR value was also lower at the physiological maturity stage than at the flowering stage. This downward trend in the relative growth rate as a function of the plant's age is in accordance with the observations of Stone, Portes and Moreira (1988) , and Falqueto et al. (2009) in rice plants. According to Taiz and Zeiger (2009) , RGR reflects the increase in plant dry matter of any organ over a period of time and is a function of the initial size, i.e., of the preexisting material.
RGR reduction is usually related to accumulated dry matter production during plant development, together with the decreased relative ability of the crop to produce new biomass (ANTONIAZZI; DESCHAMPS, 2006; CRUSCIOL; NASCENTE, 2012) . In addition, increased respiratory activity during plant development and self-shadowing can also decrease RGR (URCHEI; RODRIGUES; STONE, 2000), as observed in this experiment. At the end of the plant cycle, RGR is negative due to the death of leaves and buds and to the gradual production of nonassimilatory tissues (MILTHORPE; MOORBY, 1974; FALQUETO et al., 2009) , as observed in this trial both with and without growth regulator application (Table 1) . Alvarez, Crusciol and Nascente (2012) , working with BRS Primavera under field conditions, also observed a steady reduction in RGR with increase in DAE. The authors attributed this behavior to the fall and death of leaves with the advancement of plant development and gradual increase in non-assimilatory tissues. In another study with the same cultivar, also under field conditions, Alvarez et al. (2015) reported that after 57 DAE, BRS Primavera begins to show reduced CO 2 assimilation, transpiration, and stomatal conductance, which may also explain the reduction of RGR values after this period.
NAR was lower in both treatments at the physiological maturity stage than at the flowering stage (Table 1) (2011) .
LAR represents the relative size of the photosynthetic apparatus and is well suited to the assessment of genotypic and climatic effects on plant communities (ANTONIAZZI; DESCHAMPS, 2006) . This physiological index expresses the area of the leaf useful for photosynthesis and can serve as a morphophysiological component of growth analysis (CAMPOS et al., 2008) . Generally, LAR tends to decrease as the plant grows, since growth promotes a reduction in useful leaf area after a certain stage. Likewise, lower LAR values were observed, regardless of the treatment, at physiological maturity stage than at the flowering stage (Table 1) . After flowering, LAR values were lower mainly due to the presence of non-assimilatory tissues and structures, in addition to self-shadowing, senescence, and leaf fall (URCHEI; RODRIGUES; STONE, 2000; FALQUETO et al., 2009) . At the physiological maturity stage, higher LAR values were observed in treatments with growth regulator application than in treatment without growth regulator. This indicates that treatment with the plant growth regulator results in a greater leaf area ratio, which can help increase yield, since the leaf area index (LAI) does not exceed the optimum leaf area, which would result in auto-shading and in reduction of NAR and yield.
Specific leaf area (SLA) did not differ between treatments and was lower in both treatments at the physiological maturity stage than at the flowering stage (Table 1) . This indicates that, at the concentration used, trinexapac-ethyl-treated plants produced greater leaf area than non-treated plants. Results observed by Aguiar Neto et al. (2000) in potato, by Silva et al. (2005) in sugarcane, and by Falqueto et al. (2009) in rice show that similar reductions in SLA are due to the translocation of reserves from leaves to other parts of the plant, such as stalks. Table 1 . Relative growth rate (RGR), net assimilation rate (NAR), leaf area ratio (LAR), specific leaf area (SLA), and leaf matter ratio (LMR) of upland rice plants over two assessment periods, and the effect of the application of trinexapac-ethyl in the primordia panicle on the above variables at flowering and physiological maturity stages. Values followed by the same uppercase letter in the row (developmental stages), and lowercase letter in the column (growth regulator) do not differ by the LSD test at 5% probability.
We also verified high leaf matter values (LMR at the flowering stage. After this period, LMR values were lower at the end of the cycle in both treatments. Plants treated with the growth regulator produced higher values than plants not treated with growth regulator at the physiological maturity stage (Table 1) . High values of LMR indicate greater allocation of assimilates in leaves under development and in new leaves, which are preferential metabolic sinks (ZEPKA; LARRÉ; LOPES, 2007; FALQUETO et al., 2009; FAGERIA; MORAES; VASCONCELOS, 2011) . On the other hand, the reduction of these values indicates the allocation of these photoassimilates to other parts of the plant (LUGG; SINCLAIR, 1980) . These results demonstrate that the application of plant growth regulator at the primordia panicle differentiation stage increased the physiological indices RGR, LAR, and RPF when assessed at the flowering and physiological maturity stages (Table  1) . It is noteworthy that trinexapac-ethyl is associated with inhibiting gibberellin synthesis. Gibberellins are responsible for increasing cells number and length, thereby affecting growth, especially in the stem (NASCIMENTO et al. 2009 ). Thus, the least sharp decline of the above-mentioned physiological indices may be associated with the action of the growth regulator. Therefore, it can be inferred that the application of trinexapac-ethyl at the primordia panicle differentiation stage at the used dosage did not cause vegetative damage to plants. Instead, it produced higher values of LAR and RPF, which could result in increased yields. Furthermore, Buzetti et al. (2006) did not observe decreased yield with the application of plant growth regulators in rice. Similar studies, all of which determined that plant growth regulators application did not damage the crops, were conducted by Urchei, Rodrigues and Stone (2000) , Resende, Soares and Hudetz (2001) , Silva et al. (2005) , Zagonel and Fernandes (2007) , Campos et al. (2008) , Viana et al. (2008) , Fialho et al. (2009), and Martins et al. (2014) .
We also determined that trinexapac-ethyl influenced gas exchange rates when applied at the primordia panicle differentiation stage (Table 2) . Higher values of CO 2 assimilation rate, instantaneous water use efficiency, transpiration, and stomatal conductance were observed at the flowering stage than at physiological maturity. These results may help explain the growth rate values obtained when trinexapac-ethyl was applied, resulting in higher CO 2 net assimilation rate without influencing RGR and NAR (Table 1) . Therefore, there was a trend that the assimilates resulting from higher net assimilation rate in leaf tissue were used, as shown by the data on the leaf area of treated plants, which explains the increased values of LAR, SLA, total leaf dry matter, and total dry matter. (Table 2 ). This is because plants treated with trinexapac-ethyl present lower reduction in CO 2 net assimilation during the physiological maturity stage, even if they have higher transpiration values than non-treated plants. Thus, this reduction in WUE has an inverse correlation with the highest transpiration (7.0 mmol m -2 s -1 ) generated by greater stomatal conductance (890 mmol m -2 s -1 ) in non-treated plants.
CONCLUSIONS
Trinexapac-ethyl did not favor net assimilation rate and relative crop growth at the reproductive stage.
Greater leaf area at the flowering and physiological maturity stages resulted in crop self-shading after trinexapac-ethyl application.
